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1. Brake shoe table and lining showing corrosion product on the table,  separation of lining from table and The mechanisms for the increased failure rate are postulated as being an increased rate of corrosion due to positive shifts in the corrosion potential, and an increased amount of corrosion due to an increased "time of wetness" that results from the presence of hygroscopic salts. Laboratory scale evaluation of the corrosion of plain carbon steel in simulated deicing and anti-icing solutions need to be performed to determine corrosion rates and morphological development of corrosion product, to compare laboratory data to in-service data, and to rank economically feasible replacement materials for low carbon steel. In addition, the mechanical behavior of the lining attached to the brake shoe table needs to be assessed. It is opined that an appropriate adjustment of materials could easily allow for a doubling of a brake table/lining lifetime. Suggestions for additional work, to clarify the mechanisms of rust jacking and to develop possible solutions, are described.
INTRODUCTION
The long-haul trucking industry has been experiencing extensive corrosion of its equipment. While this corrosion affects many parts of the tractor-trailer rig, one of the greatest concerns is that associated with the brakes, specifically, what has been termed "Rust Jacking." The proposed mechanism involves the corrosion of the brake shoe table (see Fig. 1 ), which results in the buildup of corrosion products between it and the brake lining to which it is riveted. This accumulation of corrosion products causes the brake lining to crack. Should this cracking, see Fig. 1 , be found by the various Departments of Transportation, rather than the fleet maintenance personnel, the fleet company will be ticketed.
In recent years, the frequency of this type of brake failure has doubled coincidently with use of increasingly more complex mix of anti-icing and deicing compounds. At present, some combination of solids such as sand, gravel and course salt, and liquid solutions of magnesium, calcium, and sodium chlorides, and calciummagnesium and potassium acetates are employed in various states. Many long-haul trucks, therefore, are exposed to a variety of deicing and anti-icing compounds in various concentrations, exposure order and combinations. While brake failure is reported to have increased, it is unclear how the new exposure factors contribute to the failure mode and rate. 
METHODOLOGY
A failed brake shoe table assembly was received from Truck It, Incorporated, Franklin, Kentucky, with the assistance of Roy Gambrell, Director of Maintenance. The as-received assembly had the rivets removed prior to arrival at the Oak Ridge National Laboratory. A photograph of the partially disassembled brake shoe table and lining is shown in Fig. 2 , which also shows the pattern of rivet and other holes in the brake table.
The brake shoe table was sectioned in the areas designated as "A" through "F" in Fig. 3 .
These sections, along with a section of corrosion product that separated from the shoe table, were metallographically prepared. All sections, except the latter, were etched with 2% nital solution and examined using optical microscopy. Two cross-sections and the corrosion product section were also examined using a scanning electron microscope and associated energy dispersive spectrometer. 
RESULTS AND DISCUSSION

Optical Microscopy
Optical examination of the cross sections of the shoe table material revealed a typical plain carbon steel structure with corrosion occurring at the brake shoe table/lining interface as shown in Fig. 4 . As displayed in Figs. 4 and 5, the corrosion at the table/lining interface is non-uniform as is to be expected for a plain carbon steel exposed to chloride environment. The surface of the brake table that was not in contact with the lining was still relatively smooth (Fig. 6 ) and the shoulder on the rivet hole is clearly delineated (Fig. 7) . 
Scanning Electron Microscopy
Scanning electron microscopy (SEM) and x-ray microanalysis were used to examine the structure and composition of the oxide scale from the supplied brake table.
Both a spalled piece of the scale and the adherent scale on the metal table were studied.
A secondary electron (SE) image, Fig. 8 , shows that the scale was banded parallel to the original metal interface and contained both porosity and cracks. The corresponding backscattered electron (BSE) image, Fig. 9 , revealed local differences in composition.
X-ray microanalysis in the SEM showed that the light gray oxide regions were the Fe-rich Fe 3 O 4 oxide; whereas the dark gray regions were the Fe-poor Fe 2 O 3 oxide. The ratio of the O/Fe peaks is lower for the light gray oxide, x-ray spectrum shown in Fig. 10, relative to that for the dark gray oxide, x-ray spectrum shown in Fig. 11 . Trace amounts on Cl were found in the scale. Though there were variations in Cl levels, there was no obvious 
Corrosion Effects
As reported to ORNL, concomitant with the introduction of different deicing and anti-icing compounds, there was an increase in the brake failure rate. This initial analysis found no evidence for the chlorides of calcium and magnesium, which are less soluble in water than the identified chlorides of sodium and potassium, in the scale.
While this can be due to the vehicle having not been used in states that use calcium and magnesium, it is also possible that the corrosion products that form in the presence of calcium and magnesium are more friable and were readily lost once the lining was removed from the brake table.
The banding of the oxide scale may reflect the changing corrosion conditions to which the brakes are exposed. Variations in composition and concentration of anti-icing and deicing salts, pH, moisture, temperature, and frequency and pressure of braking could all impact the corrosion rate and resultant products. Salt composition and concentration, and pH, which affect the corrosion potential of the plain carbon steel, are the major contributors to the banding. A small change in salt composition and/or concentration, with or without a slight change in pH, can result in shifts between Fe 3 O 4 and Fe 2 O 4 phase fields, as can be inferred from the potential-pH equilibrium diagram for the iron-water system. 1 In addition, increasing the corrosion potential results in an increased corrosion rate. Furthermore, while the chlorides of sodium and potassium are not hygroscopic, the chlorides of magnesium and calcium, and the acetates of calcium, magnesium, and potassium are hygroscopic. 2 Thus the recently introduced anti-icing and deicing compounds results in increased "time of wetness," and hence, increased corrosion. Moreover, cracking, porosity, and localized spalling of the scale would provide new pathways for water ingress and exposure of fresh metal to the corrosive environment.
The mechanisms for the increased failure rate are postulated as being an increased rate of corrosion due to positive shifts in the corrosion potential, and an increased amount of corrosion due to an increased "time of wetness" that results from the presence of hygroscopic salts. Laboratory scale evaluation of the corrosion of plain carbon steel in simulated deicing and anti-icing solutions needs to be performed to determine corrosion rates and morphological development of corrosion products, to compare laboratory data to in-service data, and to rank economically feasible replacement materials or coatings for low carbon steel. In addition, the mechanical behavior of the lining attached to the brake shoe table needs to be assessed. It is opined that suitable adjustment of materials could easily allow for a doubling of brake table/lining lifetime.
ISSUES FOR FUTURE INVESTIGATION
The results of this initial evaluation identified some standard effects related to chloride corrosion of plain carbon steel and their potential detrimental effects on brake systems. While not surprising, these results suggest future laboratory scale investigations that may lead to cost effective improvements in the brake assembly.
These proposed investigations should include forensic analyses, corrosion testing and materials selection, determination of properties of lining material, determination of the elastic properties of oxides, and modeling of rust jacking stresses.
• Forensic Analyses. Further forensic analyses of failed brake shoes will permit an assessment of the extent of corrosion, and identification of aggressive species that are incorporated into the corrosion product. This information will guide the selection of alternate materials and coatings, and the preparation of test solutions.
• Corrosion Testing and Materials Selection. Samples of the present material of construction of the brake shoe table, and appropriately chosen materials that would be economically viable replacements should be evaluated in simulated deicing environments. The data generated would allow for selection of appropriate, cost effective materials and coatings for future brake shoe manufacture, and comparison of the effect of various deicing compounds on corrosion rates.
• Properties of Lining Material. The mechanical properties of flexure strength specimens, cut from commercial drum brake lining materials, should be measured at several temperatures to assess their dependence on the friction-induced temperature rise in brakes. These mechanical properties will include the flexure stress-strain behavior, fracture stress, and elastic modulus. The information from these tests will be used in the proposed modeling task.
• Elastic Properties of Oxides. The elastic moduli of specimens of the dominant oxides involved in rust jacking should be determined. These measurements can be readily performed using instrumented indentation tests, which are available in the High Temperature Materials Laboratory, at ORNL. Where oxides occur in layers, estimates can be made of the effective elastic properties of the lamellar structure.
This information will be used in the modeling task.
• Modeling of Rust Jacking Stresses. Advanced analytical models, including stressanalysis by finite-element techniques should be developed to predict the stresses on the back-side of the lining associated with swelling of oxides in the shoe/lining interface. The influence of pinning by lining fasteners (rivets) must be included in this model. Lining and oxide property data, obtained in the previous task, will be used as inputs for the model. Critical conditions for lining fracture will be calculated as a function of rivet spacing, oxide swell and related conditions.
